r A consistent inverse hyperbolic relationship has been observed between pulmonary vascular resistance and compliance, although changes in pulmonary artery wedge pressure (PAWP) may modify this relationship.
Introduction
The haemodynamic response to exercise is the subject of ongoing investigation as a diagnostic modality for the assessment of dyspnoea. However, areas of uncertainty remain regarding the normal physiology of the pulmonary circulation during exercise. The resistive (pulmonary vascular resistance; Rp) and pulsatile (total pulmonary compliance; Cp) components of right ventricular (RV) afterload are related by an inverse hyperbolic function (Reuben, 1971) . This relationship is expressed as the product of these two quantities, referred to as RpCp-time. A recent observational study in a large population of patients with a broad range of pulmonary pressures (Tedford et al. 2012 ) demonstrated that the range of observed RpCp-time values is narrow and is minimally influenced by demographic factors. These observations suggest that alteration of either Rp or Cp occurs with an obligate change in the other and also that knowledge of one allows a good estimation of the other. However, it has been demonstrated that the RpCp-time can be influenced by the pulmonary artery wedge pressure (PAWP) such that a lower RpCp-time was observed in the setting of an elevated PAWP (Tedford et al. 2012; Chemla et al. 2015) . These observations imply that there is a predictable physiological relationship between pulmonary artery mean pressure (mPAP) and pulmonary pulse pressure (Chemla et al. 2004) , as well as between PA pressures and the PAWP.
The effects of exercise with respect to increasing PA pressures and the PAWP have been related to increases in cardiac output (CO) (Argiento et al. 2012; Lewis et al. 2013; Naeije et al. 2013) , although the normal limits of these responses are unclear. As noted, the concept of RpCp-time may provide a framework that refines our understanding of the integrative physiological responses of the PAWP, PA pressures and related measures of RV afterload at rest and in response to perturbation. However, there are few previous investigations performed in healthy humans that have reported whether exercise directly influences RpCp-time. Hence, we determined the RpCp-time in healthy, non-athletic, older adults aiming to test the hypothesis that the RpCp-time would decline during two levels of submaximal exercise. The variables enabling calculation of Rp, Cp and RpCp-time were obtained and the relationships between mPAP, pulmonary pulse pressure and PAWP were examined.
Methods

Participants
We recruited healthy, non-athletic volunteers aged >45 years. Screening included a medical history, physical activity history, seated blood pressure, 12-lead ECG and standard transthoracic echocardiogram. Exclusion criteria included a history of any cardiovascular disease or use of any cardiac medication, hypertension, recent smoking, diabetes, pre-menopausal status and hormone replacement therapy, as well as any history of chronic pulmonary, hepatic, renal, metabolic, systemic, neuromuscular or malignant disease. A seated blood pressure >140/90 mmHg, body mass index > 30 kg m -2 , ECG demonstrating non-sinus rhythm, left ventricular (LV) mass index >88/102 g m -2 (female/male) or identified valvular abnormalities were further criteria for exclusion. The present study was approved by the research ethics board of Mount Sinai Hospital and was conducted in accordance with the Declaration of Helsinki. All participants provided their written informed consent.
Cardiac catheterization and experimental protocol
Ultrasound-guided cannulation of an upper arm vein was performed and a 7-Fr balloon-tipped fluid-filled catheter was positioned in the PA under fluoroscopic guidance. Right atrial (RA), RV, PA pressures and PAWP were measured at baseline in the supine position, and mixed venous blood was sampled for oximetry. Non-invasive auscultatory brachial blood pressure (Tango+; SunTech Medical Inc., Morrisville, NC, USA) was measured intermittently, and heart rate (HR) was monitored continuously with three-lead ECG.
After instrumentation, participants were transferred to a cycle ergometer (Ergoselect 1200E; Ergoline GmbH, Bitz, Germany) in a semi-upright position. RA and PA pressure transducers were zeroed at the level of the mid-axillary line (Kovacs et al. 2014) . RA and PA pressures were recorded continuously and PAWP was recorded intermittently for offline analysis (MacLab version 6.5, 300 Hz; GE Healthcare, Little Chalfont, UK). Participants were instructed to pedal at a self-selected cadence between 60-80 rpm, and the work-rate was adjusted in the first 2 min of each exercise condition to elicit a target HR. The research protocol included three sequential conditions:
(1) Control: resting semi-upright for 3 min; (2) Light exercise: at a target HR of 100 beats min -1 for 8-10 min; and (3) Moderate exercise: at a target HR of 120 beats min -1 for 8-10 min. Exercise durations at each level were timed to ensure the achievement of a steady-state (i.e. a plateau in oxygen cost). PA pressure, brachial blood pressure, HR and oximetry measurements were made 1 min prior to the onset of pedalling (Control), at 7 min after the onset of cycling at 100 beats min -1 (Light) and at 7 min after the escalation of intensity to 120 beats min -1 (Moderate). Sonographic images were acquired for the Control condition and repeat imaging began after 3 min of each exercise condition (Light and Moderate). CO measurements were made for the Control condition and then after 6 min of each exercise condition. CO was measured by thermodilution in triplicate measurements within ࣘ10% variation, with stroke volume (SV) determined as CO/HR (n = 20). In a subset of subjects (n = 8), CO was determined by pulse-wave Doppler interrogation of the LV outflow tract. Doppler SV was calculated as: LV outflow tract cross-sectional area (LVOT) × pulse-Doppler velocity-time integral, which was averaged over at least five beats. The LVOT area was derived from the sub-annular aortic valve diameter in the parasternal long-axis view. The LVOT was assumed to be circular, and the area assumed to be constant at rest and during exercise. CO was then calculated as (SV × HR).
Data analysis
To determine haemodynamic values for each condition for RA pressure (RAP), pulmonary arterial systolic (PASP), diastolic (PADP) and mean (mPAP) and PAWP, the digital recordings were analysed offline by a single investigator who was blinded to participant characteristics and other haemodynamic data. All analysis intervals were confirmed to consist of at least 10 consecutive beats free from extra-systoles over two to three respiratory cycles. Given the increasing respiratory effort with exercise, mean RAP and PAWP were measured at visually-confirmed end-expiration (Ryan et al. 2012) , within 30 s after the PA pressure measurements. Calculations included: pulse pressure (PP; mmHg) = PASP -PADP; transpulmonary gradient (TPG; mmHg) = mPAP -PAWP); pulmonary vascular resistance (Rp; mmHg ml -1 s −1 ) = TPG/CO; and total pulmonary compliance (Cp; ml mmHg -1 ) = SV/PP. RpCp-time (s) was calculated as the product of Rp and Cp (Lankhaar et al. 2008) . Total pulmonary resistance (TpuR; mmHg ml -1 s −1 ) = mPAP/CO. RpCp-time was also calculated based on TPuR rather than Rp, as reported previously (Lankhaar et al. 2006; de Perrot et al. 2011) . Systemic vascular resistance, systemic vascular compliance and total peripheral resistance (TPeR) were calculated using similar formulae.
Statistical analysis
Statistical analyses were performed using SPSS, version 20 (IBM Corp., Armonk, NY, USA.). Data are presented as the mean ± SD. Normality was assessed using the Shapiro-Wilk test. Comparisons of continuous variables between conditions were analysed using one-way repeated measures ANOVA. Associations between continuous variables were explored using linear regression. Significant main effects were analysed post hoc using Bonferroni-corrected t tests. A two-tailed α level of 0.05 was considered statistically significant.
Results
Subject characteristics
The present study included twenty-eight subjects. Subject characteristics are presented in Table 1 . Echocardiographic data indicated that subjects were within normal ranges for LV dimensions, mass and function. Baseline haemodynamic measurements during supine rest are presented in Table 1 and were within acceptable normal limits (Hoeper et al. 2013) .
Haemodynamic response to submaximal exercise
All participants completed the exercise protocol, with a moderate increase in work-rate between the Light and Moderate exercise conditions. Target HRs were maintained throughout each condition, as was the mixed venous oxygen saturation. CO, SV and systemic arterial blood pressures for Control, Light and Moderate exercise are presented in Table 2 . Each exercise stage resulted in graded increases in CO, as expected. SV increased for the Light exercise condition and remained stable for the Moderate exercise condition. Systolic systemic arterial blood pressure increased progressively with each exercise intensity, without any change in the diastolic pressure; as such, a progressive increase in the systemic arterial PP and a moderate increase in mean systemic arterial blood pressure were observed. Systemic vascular resistance and TPeR decreased with graded exercise, as expected.
Effect of exercise on resistance
Right heart catheterization measurements with the graded exercise challenge are also presented in Table 2 . Figure 1 demonstrates both pulmonary and systemic pressure-flow relationships (Fig. 1A) , and the resultant calculated TPuR and Rp for each condition (Fig. 1B) . RAP, PASP, mPAP, PADP and PAWP all increased for Light exercise. For Moderate exercise, no further increases in PASP, mPAP, PADP and PAWP were observed; rather, a modest but significant decline in each was noted even as CO increased. As such, the calculated TPuR decreased significantly and progressively (Fig. 1B) . 
Effect of exercise on compliance
The relationship between SV and PP in both the pulmonary and systemic circulation is illustrated in Fig. 2 (B) . SV increased for Light exercise but did not augment further for Moderate exercise. In the pulmonary circulation, PP increased for Light exercise, without any further change for Moderate exercise. Because the increase in PP was proportionally greater than the increase in SV, the calculated Cp decreased significantly for Light exercise, and then remained unchanged during Moderate exercise. By contrast, systemic PP increased progressively with increasing exercise intensity ( Fig. 2A) , with a resultant stepwise decrease in the calculated systemic compliance for Light exercise and a further decrease for Moderate exercise.
RpCp-time response to exercise
For Control, the calculated RpCp-time was 0.39 ± 0.08 s. For Light exercise, the observed fall in Cp occurred with a modest decrease in Rp and thus the RpCp-time decreased for Light exercise (P < 0.01). Despite an escalating exercise intensity and CO, RpCp-time did not change further for Moderate exercise (P < 0.01 vs. Control; not significant vs. Light exercise) ( Fig. 3) . Applying a log transformation, exercise was associated with a significant downward shift of the intercept of the Log[Cp] -Log[Rp] relationship (P < 0.0001), which was unchanged by an increase in exercise intensity.
Unlike the systemic venous pressure, changes in the PAWP may have had a considerable impact on the TPuR compared to the Rp. Although TPuR decreased progressively with exercise, the changes in Rp were relatively small. As such, both the value and the response pattern of the product of resistance and compliance were considerably different depending on whether Rp or TPuR was used to calculate RpCp-time (Table 2) .
Pulmonary arterial pressure relationships with PAWP and CO
Exercise was associated with an increase in CO and PAWP at the same time that the RpCp-time declined. RpCp-time was related to PAWP (r 2 = 0.29, P < 0.001) and
RpCp-time was related to PAWP (r 2 = 0.26, P < 0.001). A consistent effect of the PAWP on RpCp-time would also predict a constrained relationship between PADP, PASP and mPAP dependent on the PAWP. PADP was closely related to PAWP (y = 0.79x + 2, r 2 = 0.77, P < 0.001), as were PASP (y = 1.40x + 13, r 2 = 0.60, P < 0.001) and 289 ± 49 234 ± 51 * * 187 ± 44 * * ‡ <0.001 RV stroke work index (g-m m -2 ) 5 . 0 ± 1.9 10.7 ± 4.5 * * 9.9 ± 4.5 * * <0.001
Total pulmonary resistance (mmHg s -1 ml −1 ) 0 . 2 2 ± 0.04 0.18 ± 0.04 * * 0.14 ± 0.03 * * ‡ <0.001 Pulmonary vascular resistance (mmHg s -1 ml −1 ) 0 . 0 8 ± 0.02 0.06 ± 0.03 0.06 ± 0.02 * * 0.002 Pulmonary compliance (ml mmHg −1 ) 5 mPAP (y = 1.09x + 7, r 2 = 0.70, P < 0.001) (Fig. 4A,  left) . Changes in PAWP with exercise were also related to changes in PADP (y = 0.57x + 2, r 2 = 0.47, P < 0.001), PASP (y = 0.99x + 8, r 2 = 0.43, P < 0.001) and mPAP (y = 0.80x + 5, r 2 = 0.50, P < 0.001) (Fig. 4B, left) . We observed that exercise increased CO, which was linearly related to increases in PADP (y = 0.80x + 7, r 2 = 0.37, P < 0.001), PASP (y = 1.80x + 18, r 2 = 0.46, P < 0.001) and mPAP (y = 1.31x + 12, r 2 = 0.47, P < 0.001) (Fig. 4A, right) . However, in contrast to the exercise-associated changes in PAWP described above, no significant relationships were observed between changes in CO from Control for Light and Moderate exercise and the same changes in PADP, PASP and mPAP (Fig. 4B, right) .
Discussion
In the present study, the effect of submaximal exercise on Rp and Cp was examined in healthy, non-dyspnoeic adults. In this population, the total mean resistive afterload to the RV (i.e. TpuR) declined progressively during exercise. This decrease is attributable only in part to changes in Rp, which was already low at rest. At the same time, the calculated Cp decreased, consistent with an increase in the pulsatile afterload to the RV. The net effect was a significant reduction in RpCp-time that was linearly related to the exercise-associated increase in PAWP. Another illustration of the interaction between the PAWP and RpCp-time was the linear relationship of PASP, PADP and mPAP with the PAWP, demonstrating the systematic or constrained relationships between these variables. A corollary of this observation is that the PASP and mPAP responses to exercise are predictable if the PAWP response to exercise is known.
Within the two-element Windkessel model of the pulmonary circulation, the resistance and compliance parameters appear to be coupled in a hyperbolic relationship, an observation originally made in the early 1960s (Milnor et al. 1960 ) and subsequently refined in the 1970s (Reuben, 1971) . More recently, the coupled relationship between Rp and Cp was observed to be relatively constant across large catheterization cohorts including different patient populations (Lankhaar et al. 2006; Tedford et al. 2012; Hadinnapola et al. 2015) . Other studies have demonstrated that the RpCp relationship remains preserved over repeated J Physiol 594.12 measurements performed before and after therapeutic interventions for diseases of the pulmonary circulation (Lankhaar et al. 2008; de Perrot et al. 2011) . There are limited data examining RpCp-time in patients with pulmonary pressures that are within normal limits, and still fewer prospective studies of entirely healthy subjects. When both mPAP and PAWP are low (mPAP <25 mmHg, PAWP ࣘ15 mmHg; Hoeper et al. 2013) , the RpCp-time appears to be in the range of 0.4-0.5 s (Dupont et al. 2012; Tedford et al. 2012; Ross et al. 2013; Hadinnapola et al. 2015) . Our findings obtained in healthy adults are quantitatively consistent with these observations. However, recent reconsiderations have suggested that the constancy of RpCp-time is not immutable (Chemla et al. 2015) . In a large cohort of patients undergoing clinical right heart catheterization, Tedford et al. (2012) demonstrated that demographic factors had minimal influence on RpCp-time. By contrast, a higher PAWP appeared to shift the hyperbolic relationship downward such that Cp was reduced at any given Rp, with a net decrease in RpCp-time (Dupont et al. 2012; Tedford et al. 2012) . Hadinnapola et al. (2015) also performed a retrospective analysis of catheterization data and reported higher values for RpCp-time in patients meeting the haemodynamic criteria for Group 1 pulmonary hypertension (Tedford et al. 2012; Ross et al. 2013; Ruiz-Cano et al. 2015) who, by definition, had a normal or low PAWP. The present study extends previous findings by quantifying the RpCp-time at rest in a cohort of healthy, older adults free from cardiopulmonary disease, as well as by demonstrating the effect of an acute intervention. The results were consistent with the hypothesis that the RpCp-time decreases in relation to exercise-associated increases in PAWP. The systematic relationships between PASP, mPAP, PADP and PAWP observed in the present study were remarkably similar to a schematic illustration reported previously by Harvey et al. (1971) . Harvey et al. (1971) reasoned that a systematic relationship between the PA pressures and PAWP occurred on the basis that (1) the PADP reflects the pressure in the left atrium, unrelated to SV or CO and (2) the PASP reflected the contribution of the SV pulse to the volume of blood already distending the elastic pulmonary arteries at end-diastole. Harvey et al. (1971) further hypothesized that an increase in the PAWP yielded an equivalent increase in the PADP and, for the same SV, an obligate larger increase in mPAP and PASP as a result of 'diminishing compliance of the elastic arteries consequent to increasing pulmonary blood volume' . The prediction that beat-to-beat compliance is influenced by pulmonary venous pressure has subsequently been demonstrated experimentally (Barman & Taylor, 1990) .
The preceding discussion suggests that the RpCp-time may decline continuously in proportion to increases in PAWP; however, we were unable to test this assumption because exercise intensity between Light and Moderate exercise increased modestly, and PAWP did not increase further. Linear relationships were observed between each pressure and both pulmonary artery wedge pressure (left) and cardiac output (right). B, the changes in each pressure were related to changes in pulmonary artery wedge pressure but to changes in cardiac output. Regression equations and significance are provided in detail in the text.
As suggested by Tedford et al. (2012) , the effect of an elevated PAWP on RpCp-time indicates that, for the same resistive afterload, the pulsatile afterload to the RV is increased. We also observed evidence of increased pulsatile afterload to the RV during exercise, despite a small decline in Rp. In our healthy subjects, the exercise-associated increases in PAWP were limited, and even declined slightly as the exercise intensity and CO increased. The exercise stages employed in the present study were relatively prolonged with a steady-state component; this response to sustained exercise should be advantageous in limiting the pulsatile afterload to the RV. We speculate that the limited increase in PAWP observed in our healthy, non-dyspnoeic study population was related to an adaptation of LV diastolic function to increased CO as exercise was sustained (Kovacs et al. 2012 ). An elevated or 'exaggerated' PAWP response during ramp exercise testing (Argiento et al. 2012 ) is increasingly recognized as a clinically important entity and has prognostic significance in a population with dyspnoea of unknown origin (Borlaug et al. 2010; Lewis et al. 2011; Dorfs et al. 2014) . Our findings suggest that marked and/or persistent increases in PAWP during exercise should be associated with a concomitant decline in RpCp-time and a sustained increase in pulsatile RV afterload. Such a mechanism may contribute to the RV abnormalities observed in patients suffering heart failure with preserved ejection fraction (Melenovsky et al. 2014 ), a classic condition that is associated with exaggerated PAWP responses during exercise (Borlaug et al. 2010; Tedford et al. 2012 ).
Limitations
The present study has certain limitations. We studied self-described healthy subjects and did not measure maximal exercise capacity, nor investigate the components of RpCp-time at peak exertion. Fluid-filled catheters have well-known frequency response limitations. We selected a submaximal exercise protocol and targeted absolute HRs aiming to minimize the variability of diastolic time intervals and to limit the effect of motion and respiratory artefacts in the analysis of pressure waveforms. The hyperdynamic state during exercise may have exacerbated a catheter ringing artefact, potentially overestimating both the pulse pressure and the reduction in pulmonary compliance from rest to exercise. Pulmonary compliance was estimated using the SV/pulse-pressure method, as has been reported previously (Lankhaar et al. 2006; Tedford et al. 2012; Hadinnapola et al. 2015) , which reflects the lumped compliance of the entire pulmonary arterial tree, and assumes that there is no closing pressure and also that PAWP represents outflow pressure. Furthermore, this calculation does not account for the volume leaving the pulmonary circulation during systole. The appropriate method of determining PAWP remains contentious (Ryan et al. 2012; Boerrigter et al. 2013) . Previously, we have demonstrated only a slight difference between the end-expiratory PAWP and PAWP averaged over the respiratory cycle during submaximal exercise (Wright et al. 2016) .
Conclusions
In conclusion, the present study demonstrates that the RpCp-time decreases during submaximal exercise in healthy, older adults in relation to a decline in Cp more so than Rp. These changes in RpCp-time were related to increases in PAWP and indicated an increased pulsatile afterload relative to the resistive afterload to the RV during exercise. In accordance with the RpCp-time relationship and the effect of the PAWP, we observed that the PAWP exhibited a systematic relationship with PASP, PADP, pulmonary pulse pressure and mPAP during exercise. An understanding of these relationships in health may improve the diagnostic utility of exercise for identifying haemodynamic abnormalities associated with cardiac and pulmonary vascular disease.
